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Abstract 
The corrosion behavior of coated thin metal films was studied by 
parallel DC resistance and AC impedance measurements •. Iron, nickel, 
cobalt, gold and copper were evaporated on glass slides and coated with 
0 polybutadiene and epoxy resins. These samples were exposed to dis-
til led water and 3% NaCl at room temperature. 
For the polybutadiene-coated metals exposed to 3% NaCl, the total 
impedance at low frequencies showed that the resistive component de-
creased with exposure time irrespective of the kinds of metals. These 
results indicate that ionic condu~tion of the coating increased with 
immersion time because of the electrolyte penetration into the coating 
and the development of the ionic conduction pathways. The corrosion 
potential of these samples became more cathodic with the exception of 
cobalt. This result indicates an increase in the cathode/anode surface 
area ratio except possibly for the gold sample. The corrosion poten-
tial of cobalt sample decreased because the anodic reaction dominated 
the corrosion reaction. The total impedance of coated iron, nickel and 
gold samples exposed to distilled water increased with exposure time 
and showed a maximum value; then it decreased. This behavior indicates 
the passivation of the substrate at early immersion times, and the 
depassivation of the substrate at long immersion times. 
1' 
The parallel DC resistance measurements of thin metal films can 
' , 
be used not only to detect early underfilm attack before visible 
corrosion but also to evaluate the performance of polymer coatings. 
The results of the DC resistance were in agreement with the results of 
the other corrosion tests. 
-1-
,. 
The AC impedance measurements indicate that diffusion processes 
v.1 i t h i n t he co a t i n g a re r a t e c on tr o l l i n g at ea r l y ex po s u re t i me s. . At 
long exposure ti mes, as corrosion of the substrate becomes more impor-
tant, the mechanism changes to a combined diffusion and charge-transfer 
rate control. AC impedance and parallel DC measurement techniques can 
lead to a clearer understanding of the corrosion behavior of a coated 
metal. 
... 
, .. 
-2-
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1. INTRODUCTION 
The functions of an organic coating in protecting a metal sub-
strate from corroding primarily a re as Lei dhei ser [ 1] indicates: ( 1) 
serving as a barrier against the reactants, water, oxygen and ions; and 
(2) serving as a reservoir for corrosion inhibitors that assist the 
surface in resisting attack. 
The corrosion of metals protected by an organic coating, however, 
is a major practical problem whose fundamentals are still unsolved, 
e.g. an electrochemical interaction between a corrosive medium O and a 
metal substrate, and an interfacial attack which will cause the failure 
modes of a coated metal. There are many testing methods that evaluate 
the corrosion resistance of a coated metal and that predict the life-
time of it, such as salt spray tests, humidity tests, cyclic corrosion 
~-
tests, and outdoor exposure tests. These tests are widely used in 
industry, but they rely on visual observations and the evaluation of a 
sample depends primarily on an observer. These tests are termed "qual-
itative" rather than "quantitative". Moreover, results of each test 
are not often in agreement; even if a sample shows a good corrosion 
resistance in some tests, it often shows a poor corrosion resistance in 
other tests. Outdoor exposure tests can be the most reliable among the 
many testing methods but, in most cases, they require long exposure 
times and are therefore a time-consuming method. 
On the other hand, electrical and electrochemical measurements 
such as DC resistance, AC impedance, capacitance, corrosion potential, 
and polarization curves, have recently been of great interest [2]. 
Electrical and electrochemical measurements can provide quantitative 
-3-
• data and useful information in short times to predict a useful lifetime 
of protective coatings. 
DC resistance measurements of organic coatings have been used by 
many researchers [2-10] in an attempt to understand how organic coat-
ings protect a metal substrate. The primary cause for the failure 
modes of a coated metal results from water penetration into the polymer 
coating/metal substrate interface since an aqueous phase is necessary 
to support corrosion reactions that involve an electrolyte. A decrease 
in the resistance of a coating indicates an increase in water penetra-
tion, i.e., establishment and development of conductive pathways. It 
is noted that a good protective coating has a high DC resistance, and 
when the coating resistance falls below 106 to 107 ohms/cm 2 , corrosion 
will occur at a significant rate [2]. 
Kinsella and Mayne [4] studied the heterogeneity of the electri-
cal properties of a polymer coating. They proposed that two types of 
ionic conduction exist. In one type, the resistance of the film de-
creased when the concentration of KCl was greatly increased, whereas in 
the other type, the resistance of the film increased when the concen-
tration of KCl was greatly increased. Mills and Mayne [5] studied the 
ionic resistance characteristics of detached vanish films: two modes 
• of conduction were observed in 100 mm 2 areas of film. The resistance 
was of the order of 1011 to 101 2 ohms/cm2 in I type films where no 
corrosion was observed and was 106 to 10 7 ohms/cm 2 in D type films 
where corrosion was noted. Sussex and Scantlebury [6] could not detect 
I 
D and I type areas in detached 125 µm coal tar epoxy films using AC 
impedance techniques and concluded that DC resistance techniques were 
not measuring a true paint film resistance, but rather a diffusion 
-4-
I 
effect. 
Jedlicka and Geschke [7] studied a polymer coating on a very thin 
foil mounted on glass with an adhesive. Riedel and Voight [8] modi-
fied this method by combining it wit~ DC resistance measurements. Thin 
fi 1 ms of iron, either evaporated or in foil form, were coated with a 
polymer and exposed to corrosive environments. The change in resist-
ance parallel to the surface showed that it increased due to the forma-
tion of rust. 
Haruyama and Tsuru [9], while studying the passivity of iron, 
performed conductivity measurements on evaporated thin films of high 
purity metal on glass. They used a conventional wheat.stone bridge with 
a 1000 Hz signal generator. The change in conduction of the film elec-
trode was traced by recording the unbalanced output voltage of the 
bridge. 
DC resistance measurem~nts provide information about the elec-
tronic conduction of the metal substrate. McIntyre and Leidheiser [10] 
developed a unique technique of a modified four-point probe method. 
Thin metal films evaporated on a clean glass substrate were coated with 
organic coatings, and the change in the parallel DC resistance was 
·d 
m~asured during exposure to a corrosive environment. This parallel DC 
resistance technique can detect the effects of the water migration to 
the coating/metal interface before visible corrosion is observed. The 
use of thin metal films deposited on glass slides enables one to ob-
serve the interface through the reverse side and to monitor a parallel 
DC resistance as a function of time. 
AC impedance has been investigated by a number of groups [11-31] 
-5-
:.. 
! 
in an attempt to evaluate corrosion behavior of a coated metal. Ken-
dig and Leidheiser [12] studied the effective electrical permittivity 
of polymer-coated steel at various frequencies as a function of expo-
sure time to 0.5M NaCl. They obtained results that suggested localized 
penetration of the dielectric coating by a conducting phase. This 
behavior correlated with the onset of visible localized corrosion. 
Mansfeld et al. [16] measured AC impedance in 0.5M NaCl of coated 
steel and aluminum alloys which had been subjected to different surface 
treatments. These measurements were indicative of the penetration of 
electrolyte into the coating and the initiation of corrosion at the 
metal/coating interface. An equivalent circuit mode was used to ana-
lyze the impedance data in terms of reactions occurring during the 
interaction of the coated metals with the environment. 
Kendig et al. [18] compared the time dependence of the impedance 
of coated steel substrates with the impedance across a free film and 
suggested that the corrosion of the substrate enhances the development 
of parallel paths of ionic conduction in the coating. Visual observa-
tion of the corroded and delaminated areas correlated with a pore 
resistance of a coating. 
Hubrecht et al. [20] suggested that the dependence of system 
parameters on coating layer thickness, NaCl concentration, and pigmen-
tation of the coating during the immmersion time provides insight into 
the corrosion and protective mechanisms at the coating/metal interface. 
Hubrecht [2] also studied the anodic and cathodic corrosion process of 
painted iron separately by using two similar specimens mounted as a 
differential aeration couple, and suggested that the electrochemical 
impedance indicated diffusion control in the cathodic cell and charge-
-6-
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\ 
transfer control in the anodic cell • 
.. , 
The AC imped-ance technique offers some distinctive advantages 
over the DC technique. Fi rs t, the amplitude of the AC vo 1 tage is so 
small that the measurements do not affect the electrochemical test 
system. Second, since the AC impedance technique can provide data on 
both electrode capacitance and charge transfer kinetics, the technique 
offers valuable mechanistic information which can be obtained from the 
.. 
shape of the impedance diagram. AC impedance measurements provide 
information about the overall coating/metal system, the coating, the 
coating/metal interface, and the metal substrate. 
The purpose of this research is to study corrosion behavior of 
coated thin metal films with AC impedance and parallel DC resistance 
measurements. These two techniques can lead to a clearer understanding 
of the corrosion behavior of a coated metal. 
_, 
-7--
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2. EXPERIMENTAL PROCEDURE 
2. 1. Samples 
,, 
Various pure metals, such as iron, nickel, cobalt, gold, and 
copper were evaporated on clean glass slides. Metals of 99.99% purity 
in the form of wires manufactured by Johnson Matthey Chemicals, Ltd. 
(Eng 1 and) were used. A Denton Vapor Deposition Instrument, Mode 1 DV-
520, was used to deposit the metal of interest at approximately 10-5-
10-6 b h torr y using resistive eating. The thin metal films were typi-
. ' 
0 
cally on the order of 400 A in thickness. Subsequently, four lead 
wires, no. 32-7/40 extruded from Teflon wires, obtained from Alpha Wire 
' Corp., were attached to the metal film using low resistance contact 
cement obtained from the Ernest Fullam Co. 
2.2. Coatings 
Polymeric coatings were applied to the metal films by using a 
spin coater. Polybutadiene coatings were cured at 195°C for 30 minutes 
in an air-forced oven. Commercial epoxy resins were coated and cured 
in the air at room temperature (Table 1). Coating thicknesses ranged 
from approximately 30 to 40 µm for polybutadiene and 125 to 500 µm for 
epoxy resins. Polyethylene cells were put on all samples and sealed 
with a comme·rcial silicone caulking. The surface area of the exposed 
sampJes was 10.5 cm 2• The polyethylene cells were filled with dis-
ti 11 ed water or 3% NaCl. 
,. 
-8-
Table I. Epoxy Resins and Hardeners Used in This Study 
Samp 1 e Epoxy Resin Hardeners · 
No. 
A GY 2600a XU265b 
B GY 2600 XU264c 
C GY 2600 HY943d 
D XV.252e XU265 
aBisphenol A 
bcycloaliphatic/Aliphatic 
cAromatic/Aliphatic 
dAliphatic 
eNovolac 
Supplier Resin/Hardener Thickness 
Ratio (µm) 
Ciba-Geigy 100: 50 125,250,500 
Ciba-Geigy 100:46 250 
Ciba-Geigy 100:20 250 
. 
Ciba-Geigy 100: 50 250 
-9-
.J 
,t. 
.2.3 Parallel DC Resistance 
The experimental setup can be seen in Figure 1 for the 
.. 
measurement of the parallel DC resistance of the thin metal films. A 
DC current was applied to the coated thin metal films by using a 
DC source. A Keithley electrometer, Model 600A, was used to measure 
the potential drop across the test area and a Beckman Tech 300 multi-
~ meter was used to measure the applied current. Ohm's law was then 
applied to calculate the thin metal film resistance. 
2.4 'AC Impedance 
A Princeton Applied Research AC Impedance system, Model 368, 
interfaced with an Apple Ile computer, was used to obtain all AC imped-
ance data. The technique was a combination of two methods [32]: 
(1) the FFT (Fast Fourier Transform) technique for mea-
surements from 0.0001 Hz to 10 Hz; 
(2) phase-sensitive lock-in amplification for measure-
ments from 1 Hz to 20 KHz. 
By merging the data from the lock-in and the FFT measurements, the 
impedance data over a wide range of frequencies were displayed. Figure 
2 is a block diagram of the system which includes: 
(1) the Model 173 Potentiostat/Galvanostat combined with 
the Model 276 Interface Plug-In; 
(2) the Model 5206 Computer-Controlled Lock-In system; 
(3) the Apple Ile microcomputer with peripherals and the 
Model 368 AC Impedance Software System. 
-10-
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I 
.... 
...... 
I 
Variable DC Source 
o,ymer Film 
K. e it h I e y 6 0 0 A 
Electrometer 
• 
+32-7/40 
Extruded Teflon Wire 
(Alpha Wire Corp.) 
Glass Slide 
Beckman TECH 300 
Multlmeter 
Low Resistance 
Contact Cement 
(Ernest Fullam,lnc.) 
• 
Figure 1. Experimental setup for measurement of the parallel DC · 
resistance of coated thin metal films [10]. 
( 
... 
• 
) 
CRT 
DISPLAY 
APPLE II 
00 0000 00000 
000 00000000 
00000000000 
00000000000 
PRINTER 
IEEE-488 
M173 
EXT 
in 
osc 
out 
• 
'" 
M5206 
M276 
out 
Figure 2. Block diagram of the AC impedance measurement system (32]. 
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While operating in the lock-in mode, the total cell response 
signal at a given frequency was sent to the lock-in amplifier where it 
was '.esolved into its real and imaginary components. This information 
was then transmitted to the microcomputer for reduction and display. 
Table II summarizes run parameters for the lock-in experiments used in 
this work. 
The raw data in digital form were transmitted to the Apple IIe 
for subsequent reduction in the FFT mode. The FFT excitation waveform 
was applied to the test sample vi~ the potentiostat, M173, and the 
·;nterface module, M276. The interface also functioned as the response 
measurement device. Table III summarizes run parameters for the FFT 
experiments used in this work. 
A 11 AC impedance measurements were carried out over a range of 
0.01 Hz to 10 KHz using a 15 mV amplitude for polybutadiene-coated 
samples and a 50 mV amplitude for epoxy-coated samples. AC impedance 
data were displayed for the first analysis as Bode plots which show 
total impedance, IZI, and the phase angle, e, as a function of 
frequency. The data for all measured frequencies were plotted in Bode 
plots, and a wide range of impedance values could be displayed since 
these plots can effectively use logarithmic scales. For more detailed 
analysis, Nyquist (or Cole-Cole) plots were used after the full data 
range was examined using the Bode plot format. In general, the Bode 
plot provides a clearer description of the electrochemical system's 
frequency-dependent behavior than does the Nyquist plot, where the 
frequency va 1 ues are. implicit. 
-'13-
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·Table II. Lock-in Experiment Run Parameters 
Initial Frequency 
Final Frequency 
Points/decade 
AC Amplitude 
DC Potential 
1 x 1 o4 Hz 
1 Hz 
5 
15 mV 
0 V vs. open 
circuit potential 
-14-
Upper limit of the frequency 
range over which the imped-
ance curve is ta ken. 
Lower limit of the frequency 
range. 
No. of data points in a 
decade of the frequency 
range. 
Amplitude of the applied AC 
voltage. 
The DC potential is applied 
whenever the ce 11 is con-
nected. It generally should 
be set to the open circuit 
potenti a 1. The AC waveform 
is added to th i s DC bias. 
• 
.. 
Table III. FFT Experiment Run Parameters 
Base Frequency 
Data Cycles 
I 
0.01001 Hz 
5 for 0.01001 Hz 
15 for 0. 1001 Hz 
-15-
The base frequency is 
the lowest harmonic used 
in the FFT acquisition. 
The data points f ram the 
FFT acquisition are at 
the following multiples 
of the base frequency: 
1,3,5, 7,9, 11, 15, 17,21,25, 
29,33,41,47,59,67,83,97, 
113 
Data are taken over this 
number of cycles and 
averaged before the FFT 
is taken. 
• 
• 
... 
I 
• 
3. RESULTS 
3. 1. Preliminary Experiments 
The parallel DC resistance te~hnique de.veloped by McIntyre and 
Leidheiser [10] is very sensitive to small changes in the film resist-
ance caused by corrosion or any process that reduces the amount of 
elemental metal in the fjlm. Occasionally this method had a problem in 
that the electrode points of a metal film attached with lead wires were 
corroded because of the penetration of a solution. This corrosion of 
the electrode points caused a change in DC resistance of a sample. 
Although the electrode points were coated with a polymer coating and 
" sealed with a silicon caulking, the solution penetrated through the 
silicone caulking and the polymer coating and reached the underlying 
electrode points. The electrode points were positioned in polyethylene 
cells which were filled with corrosive solutions. 
Several preliminary experimen~s were carried out in order to 
improve this problem. In this work, the following method was applied 
to prepare the samples. The evaporation of a metal was applied twice 
in order to get good conductivity at the electrode points; in the first 
evaporation, the who 1 e sample was evaporated, and in the second evapo-
ration, the sample was masked except for the electrode points. After 
coating a polymer on a metal film, the sample was mounted in polyethyl-
ene cells. The electrode points were positioned outside the polyethyl-
ene ce 11 s in order to prevent the solution f ram pen et rating into the 
electrode points. This new method provided good results in that no 
corrosion occurred at the contact points. 
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3. 2. Iron 
3.2. 1. DC Resistance 
I 
Figure 3 represents the change in DC resistance of bare iron· 
films exposed to distilled water and 3% NaCl. A plot was made of the 
change in DC res i sta nee, ~Roe• tt,at is, the resistance in ti me t , 
Rt minus the initial resistance, Ro, vs. the time of exposure. The 
change in DC resistance for the sample exposed to distilled water 
remained small during the test period. In the case of the sample 
e ;( po s e d to 3 % N a C l , ho we v er, th e ch an g e i n DC re s i s ta n c e i n c re a s e d 
rapidly and more than 50% of the iron film dissolved and disappeared 
after a few hours. 
Figure 4 represents the change in the DC resistance of polybuta-
diene-coated iron films exposed to distil led water and 3% NaCl. The 
change in the DC resistance of the sample exposed to 3% NaCl was much 
slower compared with the result of Figure 3. There was little change 
in the DC resistance in both distilled water and 3% NaCl solutioh. 
These results suggest that the polybutadiene coating had good integrity 
and prevented reaccant species from penetration into the coating. 
A~ter a long exposure to 3% NaCl, however, some corrosion spots ap-
peared and significant underfilm attack was seen. 
Figure 5 represents the change in the DC resistance of iron films 
coated with an epoxy resin (type A in Table I) of different thicknesses 
( 1 2 5, 2 5 0, 5 0 0 µm ) ex p o s e d to w ate r and 3 % Na C 1 • T he c h an g e i n DC 
resistance of the s~mples was clearly dependent on the thickness of the 
' 
epoxy coating. It was observed that the thicker the epoxy coating, 
the slower the rate of change in DC resistance. This re-sult was true 
for both water and 3% NaCl solutions. 
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Figure 3. Change in parallel DC resistance as a function of time of 
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., Figure 6 represents the change in the DC resistance of iron films 
coat'ed· with various epoxy resins (types B, C and D in Table I) exposed 
to distilled water and 3% NaCl. The change in the DC resistance varied 
with the kind of epoxy resins. Type D showed the smallest change of 
the DC resistance and type C showed the greatest change of the DC 
resistance. This result applied to both distilled water and 3% NaCl 
solutions. There was change in the DC resistance in both distilled 
. 
water and 3% NaCl similar to the behavior of polybutadiene-coated iron. 
These results indicate th~t the epoxy resins were a good barrier a-
gainst reactant species. Although the DC resistance of each sample 
increased, neither corrosion spots nor b 1 i sters were observed in any 
samples after an exposure time of 1000 hours. 
3.2.2. AC Impedance 
A Bode plot (Figure 7) shows that the total impedance, lzl , for 
" 
an iron-polybutadiene system increased continuously after 1500 hours 
of exposure to distilled water. The plot at high frequencies changed 
from resistive behavior to capacitive behavior with a slope approaching 
-1. After a long exposure (more than 1500 h), however, I zl dee reased 
inversely at lower frequencies as shown in Figure 8. When I Z I started 
• 
to decrease at times of more than 1500 hours, a linear region of 
positive slope of-0.5, i.e., Warburg impedance, appeared at low fre-
q u enc i es (Figure 9 ). 
On the other hand, for an iron-polybutadiene system exposed to 3% 
N~Cl, I zl decreased continuously at lower frequencies as shown in 
Figure 10. Similar results to those obtained in an iron-polybutadiene 
-21-
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system were found for an iron-epoxy system exposed to distilled water 
and 3% NaC 1. As shown in Figure 11, for an i ran-epoxy system exposed 
to disti 11 ed water, IZ I at high frequencies (10 Hz - 10 KHz) showed a 
resistive tendency and increased greatly with exposure time. I ZI at 
low frequencies (0.01 Hz - 10 Hz) showed a capacitive behavior with a 
slope of -0.8 and increased slightly with exposure time. Figure 12 
shows, however, that I Z I at high -frequencies of an epoxy-coated iron 
sample exposed to 3% NaCl decreased with exposure time, and the plot 
at high frequencies changed from resistive behavior to capacitive 
behavior with a slope of -0.75. 
3.3 Nickel 
3.3. 1 DC Resistance 
Figure 13 represents ~Roe for a polybutadiene-nickel system 
exposed to distilled water and 3% NaCl. Samples were prepared together 
under identical conditions. There was no large difference in ~Roe 
between the samples exposed to distilled water and 3% NaCl. This 
result is supported by the result of ~Roe of bare nickel exposed to 
distilled water and 3% NaCl as shown in Figure 14. Comparison with the 
results for the polybutadiene-coated iron in Figure 3 shows that there 
was only a small change in the DC resistance of bare nickel in 3% NaCl 
during the test period. 
, 
3.3.2. AC Impedance 
Similar results to those obtai·ned in an iron-polybutadierie system 
were found for a nickel-polybutadiene system exposed to distilled water 
and 3% NaCl. As shown in Figure 15 for a nickel-polybutadiene system 
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hrs). 
exposed to distil led water, IZ I at lower frequencies increased conti·n-
' 
uously after short immersion times. After longer immersion times (1000 
h), rz I decreased gradually (Figure 16). The change in the DC resis-
tance correspondingly showed a shoulder near 1000 h; after 1000 h, the 
rate of tRoc increased (Figure 13). Many blisters could be seen on 
the sample at approximately the time when IZI at lower frequencies 
started to decrease. IZI decreased continuously at lower frequencies 
in the case of a polybutadiene-coated nickel sample exposed to 3% NaCl 
(Figure 17). 
3.4. Cobalt 
3.4. 1. DC Resistance 
Results obtained from a cobalt-polybutadiene system exposed to 
distilled water and 3% NaCl can be seen in Figure 18. Samples of this 
system were prepared together under identical conditions. Through a 
testing period, the DC resistance change was larger for the sample 
exposed to distilled water than for the sample exposed to 3% NaCl. The 
visible observation supported the result. At the time of 28 h, some 
corroded spots in the sample exposed to distilled water were observed 
and significant corrosion occurred over much of the specimen after 300 
h. Corroded spots in· the sample exposed to 3% NaCl were not observed 
until 50 hand significant corrosion occurred after 500 h. 
Figure 19 represents the change in DC resistance of bare cobalt 
films exposed to distilled water and 3% NaCl. The change in the DC 
-resistance for both samples was very rapid. The cobalt film dissolved 
and disappeared in 5 h for the sample exposed to distilled water and in 
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7 
2 h for the sample exposed to 3% NaCl. 
3~4.2. AC Impedance 
, 
Bode plots for a cobalt-polybutadiene system exposed to distilled 
water and 3% NaCl can be seen in Figures 20 and 21. Compared with the 
results for iron and nickel, I zl at lower frequencies of the sample 
exposed to distilled water continuously decreased with immersion time. 
Nyquist plots for a cobalt-polybutadiene system exposed to distilled 
water and 3% NaCl ca1n be seen in Figures 22 and 23. Both plots with 
exposure time were bent back towards the real axis and had the linear 
behavior associated with Warburg impedance at low frequencies. 
3.5. Gold 
3.5. 1. DC Resistance 
Results obtained from gold-polybutadiene samples and bare thin 
gold films exposed to distilled water and 3% NaCl can be seen in 
Figure 24. Irrespective of the organic polymer coating and the kind of 
solution, ~DC was extremely small and the resistance of the gold films 
was almost constant. Many blisters over the specimen were observed for 
the polybutadiene-coated sample exposed to distilled water after 24 h. 
The size of the blisters increased with the exposure time. For the 
polybutadiene-coated gold sample exposed to 3% NaCl, the specimen 
became partly opaque after 24 hand many small blisters were observed 
after 150 h. 
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3.5.2. AC Impedance 
.. 
Similar results to those obtained in an iron-polybuadiene system 
and a nickel-polybutadiene system were found for a gold-polybutadiene 
system exposed to distilled water and 3% NaCl. As shown in Figure 25, 
for a gold-polybutadine system exposed to distilled water, lz.1 at lower 
frequencies continuously increased in the beginning of immersion. Af-
ter 1 anger immersion times, I Z I gradually decreased. On the other 
. 
hand, as shown in Figure 26, for a gold-polybutadiene system exposed to 
3% NaCl, lzl at lower frequencies decreased continuously through the 
ex po sure period. 
3.6. Copper 
3.6.1. DC Resistance 
Results obtained for a copper-polybutadiene system exposed to 
distilled water and 3% NaCl can be seen in Figure 27. All the samples 
of this system were prepared together under identical conditions. 
Throughout exposure time-, the DC resistance change was larger for the 
sample exposed ·to distil led water than for the sample exposed to 3% 
NaCl. Many blisters were observed for the sample exposed~ to distilled 
water after 24 h. For the sample exposed to 3% NaCl, the ·specimen 
became opaque after 24 hand many blisters were observed after 120 h. 
The behavior paralleled that for the gold-polybutadiene·system. 
Figure 28 represents the change in DC resistance of bare copper 
films exposed to distilled water and 3% NaCl. The increase in the DC 
resistance for both samples took place rapidl~ Thi.s rapid change was 
accompanied by· a deterioration of the films. The copper film exposed 
to 3% NaCl started to crease in 15 min and the whole sample crumbled 
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l 
after 2 h. More than 80% of the surface area of the film delaminated 
after 9 h. After 80 h, it completely-~delaminated from the glass slide 
and some white colloidal corrosion products were observed in the solu-
tion. Although the copper film exposed to distilled water did not 
crumble and delaminate, it dissolved slightly after 9 hand disappeared 
after 80 h. 
3.6.2. AC Impedance 
Bode plots for a copper-polybutadiene system exposed to distilled 
water and 3% NaCl can be seen in Figures 29 and 30. IZI of the sample 
exposed to distilled water was constant throughout the test, except for 
a slight increase at low frequencies after 250 h. On the other hand, 
for a copper-polybutadiene system exposed to.3% NaCl, !Zl decreased 
continuously at low frequencies. The capacitive behavior with a slope 
of -1 at high frequencies was almost constant with exposure time, and 
the resistance at low frequencies decreased with exposure tim~ 
Figure 31 shows the Nyquist plot of this sample. A semicircle 
was not seen at early exposure times; however, it appeared at high 
frequencies after long exposure time. 
3.7. Adhesion Test 
At the completion of the exposure tests in distilled water and ,3% 
NaCl, an adhesion test was applied to all the samples of different 
kinds of metals. Adhesive tape was applied to the coating surface and 
the tape was quickly pulled off. For polybutadiene-coated iron, 
nickel, and cobalt samples exposed to distilled water and 3% NaCl, 
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Figure 29. Bode plot for a ·polybutadiene-coated copper sample ex-
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Figure 30. Bode plot for a polybutadiene-coated copper sample ex-
posed to 3% NaCl for different times. 
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Figure 31. Nyquist plot for a polybutadiene-coated copper sample 
exposed to 3% NaCl for different times. 
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3x101 
delamination occurred at the coating/metal interface. However, for 
polybutadiene-coated gold and copper exposed to distilled water and 3% 
NaCl, delamination occurred at the metal/glass slide interface. 
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4. DISCUSSION • 
4.1. Comparison of Corrosion Behavior of Coated Metals in Distilled 
Water and NaCl Solutions with AC Impedance Measurements 
For the polybutadiene-coated metals exposed to 3% NaCl, similar 
AC impedance results were obtained irrespective of the kinds of metals. 
The capacitive behavior at high frequencies of these samples did not 
change significantly with exposure time, and the resistive behavior at 
low frequen·cies decreased with exposure time. These results indicate 
that the ionic conduction of the coating. increased with exposure time 
because of the penetration of the electrolyte into the coating and the 
development of the ionic conduction pathways. 
Table IV shows the coros ion potential ( Ecorr) of pol ybutad i ene-
c o ate d metals exposed to distilled water and 3% NaCl. Although the 
corrosion potential for the iron, nickel and gold samples exposed to 
distil led water varied with exposure time, there was ·no large differ-
ence in the corrosion potential between early and long exposure times. 
However, the corrosion potential of the cobalt sample exposed to dis-
ti 11 ed water decreased with exposure time. This resu 1 t suggests that 
h f b d h d ( M _.l.... M x+ + Xe-) t e sur ace· ecame active an t e ano ic reaction ~
dominated the corrosion reaction. Correspondingly, many corroded spots 
could be observed for this sample as ·previously described. 
With the exception of cobalt, the corrosion potential of the 
coated metals exposed to 3% NaCl showed a similar tendency among evapo-
rated metals (iron, nickel, cobalt, gold, and copper); the corrosion 
potential increased and moved to more cathodic potential with exposure 
t i m e, co r res p·o n d i n g· l y to an i n c re a s e i n th e cat h o d i c / an o d i c s u r face 
a·rea ratio. In the case of the cobalt sample exposed to 3% NaCl, the 
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Table IV. Corrosion Potential (mV) of Polybutadiene-Coated Metals 
.. 
Time (hours) 
Metal Solution 0.5 30 250 650 1000 1500 2000 2500 
Iron H20 80 30 65 38 42 64 3 57 
Nickel H20 41 0 55 -8 75 43 36 63 
Cobalt H20 -44 -88 -138" -219 -401 -- --
Gold H20 42 3 42 9 0 0 15 77 
Copper H20 35 34 79 110 139 ---
. . . . 
-----------------------------------------------------------------------
Iron 3% NaCl 
Nickel 3% NaCl 
2 
-68 
2 -47 
-21 -15 
107 
-12 
Cobalt 3% NaCl -132 -293 -273 -247 
Gold 3% NaCl -65 
Copper· 3% NaCl -21 
• 
-62 
-68 
... 
-1 
35 
-55-
37 
43 
150 
-32 
-197 
41 
34 
235 
116 
120 
216 
103 
125 
--
175 
155 
135 
anodic reaction dominated the corrosion reaction. 
Leidheiser et al. [12,33] suggested the following mechanism. 
Corrosion of polymer-coated metals initiates at local points where 
r 
electrolyte penetrates the coating. An anode forms at the point of 
local penetration and drives the adjacent region under the coating 
cathodic, and causes oxygen reduction and the formation of OH- oy the 
reaction: 
.. 
The cathodic generation of a localized concentration of alkali propa-
gates the adhesive failure of the coating. The resulting disbanding 
causes a positive movement of the corrosion potential as the cathodic 
area enlarges. But this mechanism cannot apply to the gold samples 
because they were not corroded. Another mechanism should be applied to 
the gold samples. 
With the exception of cobalt and copper, the total impedance, 
IZ I, of coated metals exposed to distilled water showed a similar 
tendency. The total impedance of these samples increased continuously 
with exposure times and showed a maximum value; then it inversely 
decreased (Figures 7, 8, 11, 15 and 25). This behavior is difficult to 
interpret. This behavior is quite different from the expected one in 
which \Z I decreases with exposure ti.me because of the water penetration 
into a coating and the development of conductive pathways. 
There might be some problems of measuring an AC impedance in 
distilled water. No one·has reported an AC impedance of polymer-coated 
metals in distilled water. Mansfeld et al. [34] reported AC impedance 
of a 1 u mt nu m in tap w .ate r w hi ch. i s a l ·ow conduct i v e med i um. They c l a i m 
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that the AC impedance technique does not suffer from the same limita-
tions as DC techniques in low conductivity media which are affected by 
uncompensated ohmic drop. Because the AC impedance technique does not 
i nvo 1 ve a potent i a 1 scan, measurements can be made in low conductivity 
media. 
Figure 32 shows AC impedance results of a bare iron film exposed 
to distilled water. The total impedance increased with exposure time 
and the co~rosion potential also increased. These results indicate 
that the iron surface was not active and was passivated by some pro-
cess. If we hypothesize that the AC measurements were correctly done 
and the AC impedance results of the bare iron film were reliable, the 
increase in \Zj with exposure time will be interpreted as follows. 
On immersing a sample into distilled water, the water is taken up 
by a coating. With the water penetration into the coating, the total 
water in the system increases. Probably some water is molecularly 
dispersed in the coating and some water forms aqueous phase at the 
coating/metal interface [35]. The water at the coating/metal interface 
passivates the metal surface. It is suggested that the passivation in 
the system should cause the increase in the total impedance of the 
system as a function of exposure time. 
After long exposure times, an ionic aqueous phase at the inter-
face is formed and depassivation occurs. Due to the depassivation, the 
transfer resistance corresponding to the corrosion reaction at the 
metal/coating interface decreases. It is hypothesized that the de-
crease in both the transfer resistance at the interface and the pore 
resistance of the coating primarily causes the decrease in the total 
impedance of a system following long exposure times. 
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Figure 32. Bode plot for a bare iron sample exposed to distilled 
water for different times. 
4 
There are several results in this work which support this hypoth-
esis. First, shortly after the total impedance of an iron-polybuta-
diene system exposed to distilled water started to decrease, many 
corrosion spots could be seen. Subsequently, a linear region of posi-
tive slope, i.e., Warburg impedance, was seen in a Nyquist plot (Figure 
9). Whenever diffusion effects completely dominate the electrochemical 
reaction mechanism, the impedance to the reaction is called a Warburg 
impedance.· A Warburg impedance is generally indicative of a rate 
controlling process based on diffusion. Second, at the approximate 
time when the total impedance of a polybutadiene-coated nickel system 
exposed to distilled water started to decrease, the rate of ~Roe corre-
spondingly increased (Figure 13), and many blisters over the sample 
were seen. 
Third, in the case of a polybutadiene-coated cobalt sample ex-
posed to distilled water, some corroded spots were observed in a very 
shor·t exposure time and, subsequently, significant corrosion occurred 
over much of the specimen. Cdrrespondingly, the total impedance con-
tinuously decreased with exposure time (Figure 20). Therefore, it is 
proposed that the decrease in the total impedance should correlate with 
the decrease in corrosion resistance of the coated metal system. How-
ever, another hypothesis about the decrease in the total impedance 
fol lowing longer exposure times should be noted here; because of the 
=penetration of water into the coating, some ions like -Coo-, -NH2-, and 
-Hso3- may be formed and the concentration of these ions will increase 
with exposure tim.es. These ions will decrease the impedance of the 
coati.ng. At the present time, it is impossible to determine which 
hypothesis is true. As a recommendation for future studies, AC imped-
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ance measurements should be applied for a polymer-coated steel sheet 
.. 
exposed to distilled water. If a similar result is obtained, the 
decrease in the total impedance will be associated with the polymer 
coating. If a different result is obtained, it will be attributed to 
the substrate i tse 1 f. 
But it is unknown at the present time why the coated cobalt 
specimens corroded in early exposure time. If the cobalt on glass 
slides was a pure metallic cobalt, severe corrosion behavior would not 
have occurred in early exposure time. The microstructure of thin 
metallic films is generally like a collection of islands, and the 
corrosion resistance of thin metallic films is affected primarily by 
their microstructure, deposition rate, surface finish, and film thick-
ness. Cobalt has a low temperature transformation--near 417°C--from 
close-packed hexagonal to face-centered cubic cobalt. Edward et al. 
[36] showed that the hysteresis of the low temperature transformation 
was related to the presence of stacking faults. They suggested that 
these faults arose as a result of a breakdown in the order in which the 
close-packed planes of one form of cobalt were stacked, so that the 
structure became that of the other form. The presence of stacking 
faults may be one of the causes for the poor resistance of the cobalt 
samples. 
At present, there is considerable difficulty in estimating the 
cause of severely corroded cobalt specimens. Some analytical equipment 
such as atomic adsorption spectroscopy, scanning microscopy, Auger 
electron spectroscopy, and MBssbauer spectroscopy must be applied to 
analyze the component, the microstructure, and the chemical state of 
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the coba 1 t films. 
4.2. Advantages of Parallel DC Resistance ·Measurements of Thin Metal 
Films Coated with Polymers 
McIntyre and Leihdeiser [10] described the use of parallel DC 
resistance techniques and noted that early signs of underfilm attack 
can be noted befcre visible corrosion can be detected. The results 
summarized in 3.1.1 strongly support their idea. The DC resistance 
measurememts of epoxy-coated iron showed that the DC resistance began 
. 
to increase prior to visible corrosion, and it was dependent on the 
thickness and the kind of epoxy coating. The DC resistance measure-
ments of .thin metal films can be used to evaluate not only the corro-
sion resistance of a coated metal but also a protective polymer coat-
ing. As to type A epoxy system (Bisphenol A-cycloaliphatic/aliphatic) 
in Table I, it is desirable that thickness should be at least 250 . l..l m. 
From Figures 5 and 6, it can be concluded that type A epoxy system was 
the best protective coating among type A, type B (Bisphenol A--aromat-
ic/aliphatic) and type C (Bisphenol-aliphatic), which were composed of 
the same epoxy resin and the different hardeners when the coating 
thickness was 250 µm. It can a 1 so be cone 1 uded that there was l-~ ttl e. 
difference in the DC resistance between type A and type D (novolac-
cycloaliphatic/aliphatic), which were composed of the different epoxy 
resins and the same hardener. These results agreed with those results 
obtained by Leidheiser et al. [37]. Their results also showed that 
type A epoxy resin showed no failures in any of the corroding solutions 
and it was the best conventional epoxy sy.stem among type· A, type 8, and 
type C. They also suggested that the hardeners had more effect on 
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performance than the resins. 
4.3. Comparison of Water Uptake by Coatings fro• Water and Salt Solu-
tion 
Brasher and Nurse [38] investigated the effect of osmotic pres-
sure on coatings and suggested that the water uptake was higher in 
water than in the salt solution. Several results obtained in 3.4.1 and 
3.5.1 support their idea. First, for a gold-polybutadiene system, many 
blisters over the sample exposed to distilled water were observed after 
24 h. For the sample exposed to 3% NaCl, a lot of small blisters were 
observed after 150 h. Similarly for the polybutadiene-coated copper 
exposed to distilled water, many blisters were observed after 24 h, and 
for the sample exposed to 3% NaCl, many blisters could be seen after 
120 h. These results indicate that water uptake by a polybutadiene 
coating from distilled water proceeds much faster than from salt solu-
tion. After many blisters were formed at approximately 24 h, their 
number and size increased very slowl.y. Therefore, it is suggested that 
the water uptake was rapid during the first 24 hours. 
Second, for the cobalt-polybutadiene and copper-polybutadiene 
systems, the change in the DC resistance o~ a sample exposed to dis-
til led water was faster than that of a sample exposed to 3% NaCl. In 
the case of bare cobalt and bare copper, however, 'the opposite result 
was obtained, i.e, the change in the DC resistance of a sample exposed 
to 3% NaCl was faster than that of a sample exposed to distilled water. 
These results also suggest that ·the water penetration i~to the coating 
is more rapid from distilled water than from the salt solution-
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4.4. Interpretation of Nyquist Plot Shape of Coated Metals 
A Nyquist plot is a very popular technique for evaluating ·,AC 
impedance data. This format is also known as a Col~-Cole plot or a 
complex impedance p 1 ane diagram. For each excitation frequency, the 
imaginary compon.ent of impedance (Z") is plotted versus the real com-
ponent of impedance (Z'). Various results inferred from Nyquist plots 
of a coated metal were previously reported by many researchers. The 
<.I 
conclusions~drawn from these plots were not entirely consistent with 
each other. 
Scantlebury and Sussex [28] studied a coal tar epoxy coating on 
mild steel exposed to 3% NaCl and obtained a result that the impedance 
response became approximately a charge-transfer semicircle after sever-
al days' immersion, and the low frequency response showed a Warburg 
impedance after long immersion. 
Mansfeld et al. [16] studied a polybutadiene coating on steel, 
phosphated steel, and aluminum alloys exposed to 3% NaCl. The result 
for a phosphated stee 1 coated with po lybutadiene suggested a Warburg 
impedance dominated the low frequency portion from early immersion. 
Walter [26] studied a silicone modified polyester and f1uorocar-
bon paint on Zincalume in 5% NaCl and obtained the fol lowing results. 
At low immersion times, when the sample condition was good, a semi-
circle was not generally observed. ·<>Instead, a highly reactive line 
indicating a diffusion process was observ·ed. Interestingly, at longer 
immersion times~ a semicircle started to appear at high frequencies 
(Figure 33). Walter suggested that diffusion prg;~esses within the paint 
film are rate controlling at low immersion times. At longer times, as 
corrosion of the substrate becomes more important, the mechanism 
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changes to a combined diffusion and charge-transfer rate control. 
Rammelt et al. [22] studied polyacrylate paint on zinc-coated 
steel and obtained a result that a semicircle was observed at high 
frequencies at low immmersion times if a polymer layer had continuous 
defects down to the metal substrate. If sol id corrosion products of 
the metal substrate develop in the defects of an organic coating, 
impedance diagrams result in which semicircles have their centers below 
the real axis in the high-frequency range. 
In this work, various Nyquist plots have been obtained through 
-repetitive experiments, although reproducible results could not be 
obtained. However, the Nyquist plots of polybutadiene-coated metals in 
this work generally seem to be similar to Walter's results (e.g. 
Figures 9, 22 and 23). The semicircles in Nyquist plots at early 
immersion times were observed in only one experiment even though many 
similar experiments were carried out. The occurrence of these semi-
circles seemed to be not dependent on the metal substrates and the 
solutions, but on the condition of the polymer coatings. Interestingly 
the corrosion resistance of the samples in this experiment was general-
ly worse than that in the other experiments. For example, the total 
impedance of a polybutadiene-coated iron exposed to distilled water 
started to decrease at early exposure time of 350 h. And a polybuta-
diene-coated iron exposed to 3% NaCl severely corroded at very early 
exposure time of 68 h. These results may be compatible with l.._Jalter's 
and Ram me 1 t 's suggestions. This opinion at the present is pre 1 i mi nary ... 
and repetitive experiments must be carefully carried out to obtain 
reproducible results for the Nyquist plots. 
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5. CONCLUSIONS 
1. For the polybutadiene-coated metals exposed to 3% NaCl, similar AC 
impedance results were ocrtained irrespective of the kinds of metal: 
iron, nickel, cobalt, gold and copper. The resistive behavior at 
low frequencies decreased with exposure time. These results indi-
cate that ionic conduction of the coating increased with exposure 
time because of the penetration of the electrolyte into the coating. 
2. With the exception of cobalt, the corrosion potential of the samples 
exposed to 3% NaCl increased and moved to more cathodic potential 
with exposure time, corresponding to an increase in the cathode/ 
anode surface area ratio. In the case of the cobalt sample, the 
corrosion potential decreased because the anodic reaction dominated 
the corrosion reaction. 
3. The total impedance of coated iron, nickel and gold samples exposed 
to distil led water increased continuously with exposure time and 
. 
showed a maximum value, and then it decreased. This behavior is 
difficult to interpret; however, it is hypothesized that it may be 
attributed to the passivation and the depassivation of the sub-
strate. 
4. The para 11 e 1 DC resistance measurements of ·thin metal f i 1 ms can be 
used not only to note early signs of underfilm attack before vi$~ble 
corrosion can be detected, but als~ to evaluate a protective polymer 
. 
coating. There was fair agreement between the results of the DC 
resistance and the results of the other corrosion tests. 
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5. Blisters were observed earlier for the samples exposed to distilled 
water than for the samples exposed to 3% NaCl. This result indi-
cates that water uptake by a polymer coating from water proceeds 
much faster than from the salt solution because of the effect of 
o s rri o t i c pre s s u re. 
6. The semicircles in a Nyquist plot at early immersion times were not 
generally observed. Instead, a highly reactive line indicating a 
diffusion process was observed. At longer immersion ti mes, a semi-
circle appeared at high frequencies. These results indicated that 
diffusion processes within the paint film were rate controlling at 
early immersion times when the sample condition was good. At longer 
immersion times, as corrosion of a substrate became more important, 
the mechanism changed to a combined diffusion and charge-transfer 
rate control. 
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